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ABSTRACT
Context. Clathrate hydrates are believed to play a significant role in various solar system environments, e.g. comets, and the surfaces
and interiors of icy satellites. However, the structural factors governing their formation and dissociation are poorly understood.
Aims. We demonstrate the application of a high pressure gas cell, combined with variable temperature non-contact cooling and fast,
time-resolved data collection, to the in situ study of clathrate hydrates under conditions relevant to solar system environments.
Methods. Clathrates formed and processed within the sample cell are monitored in situ using time-resolved synchrotron X-ray powder
diffraction and laser Raman spectroscopy.
Results. X-ray diffraction allows the formation of clathrate hydrates to be observed as CO2 gas is applied to ice formed within the
cell. Complete conversion is obtained by annealing at temperatures just below the ice melting point. A subsequent rise in the quantity
of clathrate is observed as the cell is thermally cycled. Four regions between 100 – 5000 cm−1 are present in the in situ Raman spectra
that carry features characteristic of both ice and clathrate formation.
Conclusions. This novel experimental arrangement is well suited to studying clathrate hydrates over a wide range of temperature
(80 K – 500 K) and pressure (1–100 bar) conditions relevant to solar system bodies and can be used with a variety of different gases
and starting aqueous compositions (e.g. saline solutions). We propose the increase in clathrate formation observed during thermal
cycling may be due to the formation of a quasi liquid-like phase that forms at temperatures below the ice melting point, but which
allows either easier formation of new clathrate cages, or the retention and delocalisation of previously formed clathrate structures,
possibly as amorphous clathrate. The structural similarities between hexagonal ice, the quasi liquid-like phase, and crystalline CO2
hydrate mean that differences in the Raman spectrum are subtle; however, all features out to 5000 cm−1, when viewed together, are
diagnostic of clathrate structure.
Key words. Comets: general – Planets and satellites: surfaces – Planets and satellites: composition – Techniques: spectroscopic
1. Introduction
Clathrate hydrates are compound structures consisting of water-
ice in which water molecules form cage structures enclosing gas
molecules (referred to as the host and guest molecules, respec-
tively). They are stable only in specific temperature and pres-
sure regimes that depend on the size of the guest species, and
the structure of the ice cages themselves (see Sloan 1998, 2003,
for reviews). Clathrates can form three independent structures
that are determined by the size and shape of the cages formed.
Structure I (sI) clathrates form a cubic crystal structure of space
group Pm-3n and are characterised by two cage types, namely
512 (i.e. constructed of 12 pentagonal faces) and the larger 51262
(i.e. 12 pentagonal and 2 hexagonal faces). They consist of two
small cages to every six large cages, and typically host com-
paratively large guest molecules such as CO2 and CH4. Struc-
ture II (sII) clathrates incorporate smaller molecules such as O2
and N2, forming sixteen small 512 cages and eight large 51264
cages. Structure H (sH) clathrates are less common, consisting
⋆ email: sarah.day@diamond.ac.uk
of three small cages, two medium cages, and one large cage per
unit cell, and require two guest species to fill the cages in order
to remain stable.
It is suggested that clathrates play an important role in the
distribution and total inventory of Martian volatiles, including
methane and noble gases (Xe, Ar, Kr), and that the dissocia-
tion of extensive sub-surface clathrate deposits could be respon-
sible for some of the geomorphological features observed on
the surface of the planet (Chassefiere et al. 2013; Mousis et al.
2013). They have similarly been suggested as a mode of deple-
tion for the noble gases in the atmosphere of Titan (Mousis et al.
2009, 2011), and as the source of the nitrogen depletion observed
in comets (Iro et al. 2003). Clathrate hydrates are also believed
to be present in large quantities within a sub-surface ocean on
Enceladus, and have been suggested as a possible source for the
energetic plumes emanating from its surface (Porco et al. 2006).
Many volatile species have been detected within these plumes,
including CO2, CH4, and N2 – as have organics (Waite et al.
2009) – and, with the exception of CO2, these gases have very
poor solubility in liquid water. It is therefore considered likely
that they exist below the surface in the form of clathrate hy-
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Fig. 1. (a): High-pressure cell used to produce clathrates by injecting gas into ice formed by the in situ freezing of water. (b): Experimental
arrangement for collecting in situ, variable temperature SXPD and Raman spectroscopic data on clathrate hydrates.
drates. The likely role of clathrates in the presence of volatile
species and noble gases in the evolution of Mars and its atmo-
sphere has been reviewed by Mousis et al. (2013); while a sum-
mary of CO2 clathrate hydrates in the context of planetary, satel-
lite and cometary environments is given by Dartois & Schmitt
(2009), who presented 1.96 – 4.43 µm Infrared (IR) spectra at
a number of temperatures between 5.6 K and 150 K for CO2
clathrates initially formed at 255 K and 20 bar CO2 pressure (see
also Oancea et al. 2012). Dartois & Schmitt note the potential
difficulties associated with carrying out in situ IR spectroscopy
of clathrates in view of their likely location on planetary etc.
surfaces and sub-surface regions and their near-inaccessibility to
landers. Raman spectra for CO2 clathrates at high pressures (rep-
resenting clathrate deposits deep within the interior of these icy
bodies) have been obtained by Bollengier et al. (2013) over the
0 – 1.7 GPa and 250 –330 K pressure and temperature ranges.
Based on thermodynamic calculations, numerous models
have been developed for the stability of clathrate hydrates on
Europa (Prieto-Ballesteros et al. 2005; Hand et al. 2006), Ence-
ladus (Fortes 2007), and Titan (Mousis et al. 2011), as well as
comets (Marboeuf et al. 2010); however, despite clathrate hy-
drates having a long history of investigation, the available ex-
perimental data at the relevant temperatures and pressures nec-
essary to confirm the accuracy, or otherwise, of these models
is still limited. Ambuehl and Elwood Madden (2014) recently
performed detailed kinetic studies of CO2 clathrate hydrate for-
mation/dissociation over a temperature and pressure range rel-
evant to the surface of Mars. However, this experiment was
based solely on bulk gas consumption measurements and there-
fore contributions from microscale structural processes at dif-
ferent temperature and pressure conditions are not taken into
account. Understanding the fundamental structural changes that
occur during the formation and subsequent break down of the
hydrate cages is essential to the understanding of clathrates in
different environments and their utility for gas sequestration.
Choukroun et al. (2010) used Raman spectroscopy, coupled with
a liquid nitrogen cooled sapphire anvil cell, to study the sta-
bility of methane clathrates in relation to the outgassing of
methane on the surface of Titan covering 240 – 320 K and 0
– 800 bar. However, operationally the setup of the sapphire anvil
cell and initial clathrate formation is a difficult multi-step pro-
cess. Other in situ studies of clathrate hydrates have been per-
formed using synchrotron X-ray diffraction (Koh et al. 1996;
Takeya et al. 2000a; Uchinda et al. 2003) and neutron diffrac-
tion (Henning et al. 2000; Koh et al. 2000). However, these
studies have predominantly focused on the stability regimes
of clathrate hydrates in relation to terrestrial clathrate deposits
e.g. hydrate occurances in gas and oil pipelines and in Arc-
tic permafrost. The temperature and pressure ranges of these
experiments are not directly comparable to solar system envi-
ronments. In addition, kinetic studies show that, while com-
plete conversion of ice to clathrate is a slow process, depend-
ing on temperature and pressure, the initial rate of formation can
be rapid (a few minutes; Ambuehl and Elwood Madden 2014;
Falenty et al. 2013; Gainey and Elwood Madden 2012). Simi-
larly, the dissociation of clathrates can occur over very short
timescales (Gainey and Elwood Madden 2012). To understand
the structural process governing clathrate formation fast data
collection times (few s) are thus required. Previous studies pre-
senting time-resolved data have been limited by collection times
of 200s (Koh et al. 1996) or more (300s – 900s; Uchinda et al.
2003; Takeya et al. 2000a; Henning et al. 2000).
Using high-brightness synchrotron X-ray radiation and a fast
detector we are able, using the in situ cell, to acquire time-
resolved structural data typically on a scale of ∼ 20 seconds
or less, allowing the formation and dissociation processes of
clathrate hydrates, at variable temperatures, to be observed in
situ. In this note we describe the apparatus used for, and present
the results of, test measurements showing its suitability for
studying clathrate hydrate evolution over temperature and pres-
sure ranges relevant to many solar system bodies.
2. Experimental
The experimental work was carried out at Diamond Light Source
Beamline I11 (Thompson et al. 2009). The high pressure sam-
ple cell employs 116 " Swagelok fittings, mounted into a stainless
steel body with bracing supports (Fig. 1a). Deionised water (18.2
MΩ) was loaded into a 0.8 mm diameter single-crystal sapphire
tube which is then sealed into the cell by vespel ferrules drilled
to match the diameter of the tube. The sample cell is mounted
horizontally onto the central θ circle of a vertical concentric
three circle diffractometer. The sample tube is aligned with the
instrument’s centre of rotation using a goniometer mount and
the gas cell itself is connected to a gas delivery system contain-
ing a turbo pump allowing for multiple gas dosing/evacuation
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Fig. 2. X-ray powder diffraction patterns for ice at 200 K in air at ambi-
ent pressure (bottom), ice and CO2 clathrate mixture at 220 K and CO2
pressure 20.42 bar (middle) and pure CO2 clathrate at 253 K and CO2
pressure 20.42 bar (top). The strong reflection at ∼ 20◦ 2θ due to the
sapphire capillary has been removed from the data.
cycles (Parker et al. 2012). Sample cooling is provided by a
LN2 Cryostream (Oxford Cryosystems), and X-ray diffraction
data were collected in the azimuthal plane using the beamline’s
90◦ arc position sensitive detector (Thompson et al. 2011). A
schematic of the experimental arrangement is shown in Fig. 1b.
Using the gas cell and LN2 Cryostream it is in principle possi-
ble to simulate a wide range of temperature and pressure condi-
tions (80 K – 500 K, 1–100 bar), such as those found in solar
system environments (e.g. at the surface of Titan and at depth
within the sub-surface ocean on Enceladus and Europa). The in
situ Raman system consists of a 532nm laser, Raman probe with
a long working length objective lens (65mm working distance),
mounted on a motorised linear drive located on a sample table
next to the diffractometer and connected to a iHR550 imaging
spectrometer. For the present work the X-ray wavelength was
0.826411Å, calibrated against NIST SRM640c standard Si pow-
der and the beam size at the sample was 2.5 mm (horizontal) ×
0.8 mm (vertical). To improve sampling statistics and compen-
sate for preferred crystal orientation effects resulting from the
starting solution being frozen in situ, the sample cell was rocked
±15◦ about its length using the diffractometer’s θ-circle motion
during diffraction data collection. The standard angular speed
for this circle on the I11 diffractometer is 4◦ s−1, and (compen-
sating for acceleration and deceleration at either end of the rock)
requires ∼10 s to complete one full ±15◦ rotation. To compen-
sate for the small gaps between the 18 Si-strip detector modules
that comprise the I11 position sensitive detector, two 10 s ex-
posures were made with the detector position offset by 0.25◦.
Data collection times were 20 s for the X-ray diffraction and 10-
15 s for Raman. Owing to space limitations at the sample point,
simultaneous SXPD and Raman measurements cannot be per-
formed, instead the Raman probe is remotely driven in and out
of position as required, allowing Raman spectra to be collected
between SXPD scans. Therefore for the present work, SXPD
was used to monitor ice/clathrate formation for temperature-CO2
pressure combinations and complementary Raman spectra up to
5000 cm−1 were obtained at crucial points of interest, though the
reverse procedure could equally be followed.
The sapphire tubes, loaded with deionised water, were
mounted in the gas cell and aligned with the X-ray beam. The
Fig. 3. Rietveld refinement produces a good fit to the experimental data.
The experimental data are shown in blue, the calculated fit in red and
the residuals in grey below. The strong reflection between 19 − 21◦ 2θ,
due to the sapphire capillary, has been excluded from the refinement.
conversion of ice to clathrate is a temperature-dependent pro-
cess (Henning et al. 2000) and once frozen at 200 K, forming a
hexagonal ice phase (Ih), the ice was exposed to high purity CO2
(99.98%) at 20.4 bar. Following the gas injection, conversion of
the ice to clathrate was achieved by increasing the temperature
towards the melting point of ice; at 253 K the ice diffraction
features disappeared. The sample was then refrozen by lower-
ing the temperature to 200 K. The formation of the clathrate is
immediately evident from the growth of multiple features (14 –
19◦, 21.4◦, 23 – 24◦, 24.6◦, and 25.2◦ 2θ; see Fig. 2). Clathrate
features were first observed at a temperature of 220 K. For the
purpose of demonstrating the cell’s capability, once clathrates
had formed, the temperature was cycled between 200 K – 280 K,
to determine the effect that repetitive cycling would have on the
clathrate structure. Finally, the temperature was held at 270 K
while the pressure was steadily decreased in order to observe
their dissociation.
3. Results
3.1. SXPD
Figure 2 provides a comparison of the X-ray diffraction patterns
for pure Ih, mixed ice and CO2 clathrate, and pure CO2 clathrate,
for the conditions specified in the figure caption. Rietveld struc-
ture refinement (Rietveld 1969), using TOPAS refinement soft-
ware (Version 4.2, Bruker AXS), of the uppermost scan in Fig. 2
(the clathrate at T = 253 K and P = 20.42 bar) confirmed the
clathrate phase to be cubic, with a lattice parameter of 11.964 ±
0.001Å and unit cell volume of 1712.8(4) Å3; this is consistent
with previously reported sI clathrate structures at this temper-
ature (e.g. Udachin et al. 2001; Takeya et al. 2010). A good fit
was obtained, with agreement factors of Rwp = 2.82 % and Rexp
= 1.31 %, producing a goodness of fit value of 2.15. Figure 3
shows the fit to the experimental data.
3.2. Raman spectroscopy
Raman spectra were obtained in situ and Fig. 4 shows the main
features indicative of CO2 clathrates; these data were obtained
at 260 K and 20 bar CO2 pressure. The dominant feature at
∼3200 cm−1 (see Fig. 4, top left) is due to the well-known
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Fig. 4. Top left: Raman spectrum of CO2 clathrate hydrate at 260 K. Main feature at ∼ 3 200 cm−1 is due to O−H stretch. Boxed regions are
expanded in adjacent plots. Top right: close-up of main Raman spectrum in the range 1200 cm−1 – 1500 cm−1, showing ∼ 1280 cm−1 and
∼ 1390 cm−1 features. Bottom left: close-up in the range 50 cm−1 – 350 cm−1, showing ∼ 220 cm−1 feature. Bottom right: close-up in the range
1600 cm−1 – 5500 cm−1, showing ∼ 1753 cm−1 and ∼ 2341 cm−1 features. See text for details.
O−H stretch and varied little between the clathrate and Ih ice
phase, when observed over a temperature and pressure range of
220 – 270 K and 0 – 20 bar. The shape of the O−H stretch-
ing bands (and inter-molecular hydrogen bond vibration bands)
however, does depend on the structure of the hydrate. For ex-
ample, sII clathrates contain twice as many small 512 cages
as large 51264 ones, whereas the ratio of small cages to large
cages in sI hydrates is 1:3. The predominance of large cages —
and the associated higher ratio of hexagons to pentagons — in-
duce an orientation of the water molecules and vibrational be-
haviour in sI clathrate, in the region of 3200 cm−1, that is sim-
ilar to water molecules hydrogen bonded in ice. On the other
hand, the predominance of small cages in sII clathrates results
in a band profile that is more similar to liquid water (Sum et al.
1997; Ikeda et al. 1998). This means that, when taken in con-
junction with other features (see below), the Raman spectrum of
the H2O molecule is a good indicator for the clathrate structure
(Schicks et al. 2005).
The feature at ∼ 220 cm−1 (see Fig. 4, bottom left) is
due to the inter-molecular O−O vibration mode of the water
molecules forming the clathrate structure (Nakano et al. 1998).
This feature is shown in greater detail in Fig. 5 for ice, ice plus
clathrate, and clathrate, for which the peak wavenumbers are
223.1 ± 0.5 cm−1, 218.8 ± 0.3 cm−1, and 216.2 ± 0.3 cm−1,
respectively. These values are consistent with this feature (un-
like the above O−H stretch features) being sensitive to environ-
mental changes (Nakano et al. 1998): over the pressure range
∼ 100 − 5000 bar the Raman shift varies from ∼ 205 cm−1 to
∼ 224 cm−1. Nakano et al. also note that the 220 cm−1 O−O fea-
ture is specific to the CO2 clathrate hydrate; this can be explained
by the structural similarities between the hydrogen bonded H2O
structures of sI clathrate and ice, in that both liquid water and sII
clathrate show only weak broad features in this region.
The features at ∼ 1280 cm−1 and ∼ 1390 cm−1 (Fig. 4,
top right) are the CO2 Fermi diad ω1:2ω2 resonance in CO2
molecules trapped within the clathrate cages; we note that,
in pure crystalline CO2 at 6 K, these features appear at
1275.7± 0.1 cm−1 and 1384.0± 0.1 cm−1 (Ω−A−g ), and 1276.1±
0.1 cm−1 and 1384.0 ± 0.1 cm−1 (Ω−F−g ) (Ouillon et al. 1985).
Nakano et al. (1998) found that there is little or no pressure-
dependence of the Raman shift for the Fermi diad features, up
to a pressure of ∼ 5000 bar. On the other hand, these features
are sensitive to isotopic composition, at least in the fluid state
(Irmer & Graupner 2002; Windisch et al. 2012). In the vapour
phase the Raman spectrum of CO2 shows two major, narrow
Fermi diad bands and two minor bands – denoted as hot bands
– which are coupled through Fermi resonance. When CO2 is in-
corporated into the hydrate lattice, the major bands are still very
pronounced; however, the hot bands convolute into the Fermi
diad bands, contributing only to the asymmetric tails of the bands
observed in Fig. 4, top right (Sum et al. 1997). No splitting of
the diad bands was observed in our data, showing that the CO2
molecules occupy only the large cavity, as originally suggested
by Ratcliffe & Ripmeester (1986).
The Fermi diad at ∼ 1280 cm−1 and ∼ 1390 cm−1, and the
220 cm−1 and the 3200 cm−1 OH band features can therefore
be used as complementary indicators not only of the presence
of clathrate hydrates in astrophysical environments, but (in the
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Fig. 5. Raman spectrum of (a) ice at 10 bar CO2 pressure and tempera-
ture 225 K; (b) ice plus clathrate at 10 bar CO2 pressure and temperatue
265 K; (c) CO2 clathrate hydrate at 260 K. All in the region of the
220 cm−1 O−O feature.
case of the Fermi diad bands) also of C and O isotopic ratios
(Irmer & Graupner 2002; Windisch et al. 2012) and of the nature
of the clathrate environment itself.
3.3. Thermal and pressure cycling
We performed thermal cycling of the clathrates to demonstrate
the feasibility of using the gas cell setup to simulate tempera-
ture variations on planetary bodies, such as might occur dur-
ing day/night cycles, seasonal variations, or the tidal stressing
that occurs on Enceladus (e.g. Hedman et al. 2013). A total of
four cycles were performed, each within the temperature range
200 K – 253 K; see Fig. 6 for details. In this figure the peak in-
tensity of the 320 clathrate X-ray reflection is taken as a proxy
for the formation and destruction of the clathrate, and the ab-
scissa is given in terms of the time since first cooling to 200 K.
A clear and systematic increase in the peak intensity of the 320
peak with each cycle is observed. As the sample volume in the
beam is unchanged as the temperature is cycled (apart from
negligible thermal expansion effects), this clearly indicates that,
on each cycle, the proportion of CO2 clathrate hydrate is in-
creasing, suggesting that more CO2 is being incorporated into
clathrate. A plausible explanation centres on the behaviour of
the ice near its melting point. Firstly, as the melting point is ap-
proached, the ice forms a quasi liquid-like medium surrounding
the clathrate (Mizuno and Hanafusa 1987; Henning et al. 2000),
allowing for increased inward diffusion (compared to diffusion
through clathrate) of additional CO2 from the environment. Sec-
ondly, since measured Raman shifts of the CO2 molecule dis-
solved in the liquid phase are very close to those of CO2 in
the clathrate phase the structure of water around CO2 in the
liquid phase is likely to be similar to that of the hydrate cage
(Nakano et al. 1998), suggesting that hydrate formation is eas-
ier/faster in the quasi liquid-like phase. Molecular dynamics sim-
ulations (Jacobson et al. 2010, 2011) of clathrate formation from
the liquid phase suggest that crystalline clathrates result from
a multi-step process. The first step involves solvent separated
clusters of the guest molecules in which the water molecules
reorganise to produce polyhedral clathrate cages, resulting in
the formation of an amorphous clathrate nucleus. The amor-
phous nucleus then either reorganises into a crystalline nucleus
and grows a crystalline clathrate, or a crystal grows directly
around the precursor amorphous seed. These simulations suggest
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Fig. 6. Effect of thermal cycling on the intensity of the 320 clathrate
peak, seen at 14.3◦ in Fig. 2. Cycle 1: 200 K – 245 K. Cycle 2: 210 K –
230 K. Cycle 3: 220 K – 240 K. Cycle 4: 220 K – 250 K.
that nucleation of clathrates under conditions of high supercool-
ing, at temperatures well below the melting temperature of the
amorphous clathrate, can result in the formation of a metastable
amorphous clathrate phase. The ongoing formation/survival of
amorphous clathrate precursors, or water molecule cage struc-
tures (Takeya et al. 2000b), could be the origin of the so-called
memory effect reported by certain authors, whereby water that
has been previously frozen, or has previously formed hydrate
and then thawed, will form hydrate more readily a second time
(Takeya et al. 2000b; Ohmura et al. 2003) thus increasing the
subsequent rate of formation. The forming of a quasi liquid-like
medium below the melting point would allow delocalisation of
already formed hydrate cages within the ice to easily occur, gen-
erating an active surface for forming additional clathrate by al-
lowing delocalised, previously unincorporated and amorphous
hydrate, along with newly formed hydrate cages from the ex-
ternal gas, to attach to the growing clathrate structure. All of
these factors contribute to maintaining an apparently high ice
to (crystalline) clathrate reaction rate (Kawamura et al. 2002).
Since the rate of clathrate formation is slower at low tempera-
tures, this would suggest that those otherwise cold solar system
objects that experience only brief or intermittent warming events
could, nevertheless, over cosmic timescales still build up exten-
sive clathrate deposits that may be a mixture of amorphous and
crystalline phases.
To demonstrate the effect of a decrease in pressure on the
clathrate structure, we fixed the temperature at 253 K and, start-
ing from a pressure of 20 bar, we reduced the pressure in steps of
5 bar. We found that a reduction in pressure below 10 bar resulted
in rapid (<∼ 20 mins) dissociation of the clathrates, as shown in
Fig. 7. The rapid removal of clathrate as the pressure falls may
be relevant to the production of plumes observed on bodies such
as Enceladus, where it is proposed that the plumes could result
from removal of surface pressure, causing sudden dissociation of
clathrates. The sudden dissociation of such sub-surface clathrate
hydrates could be due to a rapid drop in pressure through surface
ice fracturing (Keiffer et al. 2006).
4. Conclusion
We have demonstrated the use of a simple, easy to use gas cell
for the formation of CO2 clathrates combined with in situ, time-
resolved SXPD and in situ Raman spectroscopy. The experi-
mental setup has great potential for studying the formation and
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Fig. 7. Pressure-dependence of CO2 clathrate hydrate. As in Fig. 2 a
strong feature at ∼ 20◦ 2θ due to the sapphire capillary has been re-
moved.
stability of clathrate hydrates in astrophysical, particularly solar
system, environments. We have presented the results of example
measurements to demonstrate its suitability for such work. While
the results presented here were performed using pure H2O and
only CO2 gas, the cell can be used with various gases (e.g. N2,
CH4, Kr, Xe, and Ar), with multiple gas dosing cycles and dif-
ferent initial liquid compositions (e.g. saline solutions), under a
wide range of applied environmental conditions of temperature
and pressure (80 K – 500 K, 1–100 bar), providing a novel ex-
perimental resource for the study of clathrate hydrates.
Raman features in the 100 – 5000 cm−1 range are, when
taken as a whole, all diagnostic of clathrate formation, while the
weak Raman features at ∼ 220 cm−1 are sensitive to changes
in environmental conditions. These features could potentially be
used as identifiers of clathrate hydrates or to determine environ-
mental conditions using Raman spectrometers on future plane-
tary landers.
The formation of clathrates at temperatures < 200 K was
found to be extremely slow and, within the time frame of the
beamtime allocation, could not be observed. However, we plan
to conduct further experiments at these lower temperatures on
the recently commissioned Long Duration Experiment facility
on Beamline I11 at Diamond, which allows the in situ processing
and monitoring of samples held under slowly varying conditions
on a timescale of months to years.
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